Pressure reducing valves (PRVs) are used in water distribution networks (WDNs) for pressure control and water loss reduction. In this study, a system composed of a PRV and a pump as turbine (PAT) in combination with intelligent pressure management is proposed and its performance is analysed experimentally. For this, data analysis using hydraulic modelling and extensive experimentation for a case study in Germany was performed. During the laboratory tests, the pressure at the critical point of the system could be successfully maintained at the selected value at variable discharges during a characteristic day, as a result of the advanced pressure modulation. Additionally, up to 2.3 kW of electrical energy were recovered, when the applied PAT was operating under full load, with a maximum total net system efficiency of 40%. Furthermore, the proposed pressure management was found to increase the water savings by up to 16% compared to conventional PRVs. This study concludes that the PAT-PRV-system may be suitable in WDNs with high differences in altitude, high operational pressures and high demand variability. For its application, the benefits and the investment costs, as well as the seasonal flow and pressure variations in the WDN should be analysed in detail.
INTRODUCTION
Water distribution networks (WDNs), as complex infrastructure systems, will face important challenges concerning their capacity, rehabilitation and maintenance in the decades to come. It is the responsibility of water supply companies to provide top quality water while operating efficiently and cost-effectively. A critical issue here might be that many WDNs were designed and built around 80-100 years ago, so that currently modified conditions (i.e. water demand), ageing and leaking pipelines are the consequence. With rehabilitation measures, water losses can be reduced by repairing or renewing damaged pipes. However, additional benefits can be achieved if the rehabilitation of the system is combined with optimization measures as well. In Germany, as an industrialized nation, technologies for a more effective and economical energy use are being considered nowadays.
The optimization of the water distribution, in the pump operation (Nowak et al. ) , and utilising the surplus energy in tank filling or in transport pipelines by using turbines or pumps as turbines (Kramer & The relationship between lower pressure and lower leakage rates has been discussed intensively for more than two decades. Nowadays it is also well understood that lower pressure in the water network results in fewer pipe breaks (Fantozzi et al. ) , is more energy efficient and minimizes pipe replacement costs (Jernigan ). As Lambert system by intelligent pressure management) proposes a dynamic PAT-PRV-system that includes an advanced pressure management strategy for variable hydraulic situations. For this purpose, the consortium of EWID is developing an innovative system, composed of a pressure control unit (PRV) and an energy production unit (PAT þ generator) located in the bypass of the main pipeline, as well as a control unit for intelligent pressure management.
The control system of the PAT-unit integrates the real time hydraulic data of the distribution network. The data are provided by measuring devices installed at one or more critical points in the supply area (e.g. the highest or deepest points in the network), as well as other model-based parameters (see Figure 1 ). The goal is to develop demand-based pressure management whilst maximizing energy production, hence enabling EWID to improve energy efficiency in the water sector. In addition, the intelligent pressure control contributes significantly to the reduction of material stress and real water losses in the WDN, thereby promoting the sustainable use of natural water resources.
In this paper, the results of the experimental and development phases of the EWID system for a WDN (case study) at the water utility Wasserversorgungszweckverband Perlenbach (PER) in western Germany are presented. These phases comprise detailed data acquisition and analysis for dimensioning the PAT-unit. Hydraulic modelling plays a decisive role, not only for identifying the critical nodes in the WDN, but also for understanding and predicting the hydraulics in the network, and for implementing accurate advanced pressure management driven by the PAT. Furthermore, the actual energy yield of the system was monitored at a testing stand developed exclusively for this purpose at the University of the Federal Armed Forces Munich (UniBwM), prior to its installation in the field. The system proposed in this paper provides a good example of how PRVs can be combined with PATs for energy generation and water loss reduction.
METHODOLOGY
For each stage of development of the proposed PRV-PATsystem and its additional components, extensive experimentation on a testing installation was required. In order to define the testing configuration, the hydraulic conditions of the selected pilot supply area in PER (case study) were collected and simulated using hydraulic modelling. The experimental system unit is optimised and installed in a real water network (field test) once the design and validation of the experimental system unit is complete.
Hereby, the system control with installed pressure sensors at critical points will be identified, in order to test the proposed advanced pressure management. 
Data basis and hydraulic modelling
where Both requirements are to be met in every supply area.
The identification of the critical points and the monitoring of the pressure at these nodes is crucial in order to take advantage of the excess pressure in the network, which can be used for recovering the maximum energy yield, without jeopardising water supply safety.
Water loss and leakage modelling
Hydraulic modelling was also applied for predicting the potential water loss reduction by improving the pressure management in the studied WDN (Parra & Krause ) .
In this case, the volume of water loss due to background leakage was modelled in EPANET, for a fixed outlet pressure control (conventional PRV) and advanced pressure management (critical point approach). For this purpose, the flow emitter feature in EPANET was used for modelling the relationship between pressure and leakage, as recommended in Walski et al. () and Karadirek et al. () . Here, the flow rate Q through an orifice is described as a function of the pressure in the node as:
where C ¼ leakage coefficient, P ¼ nodal pressure and γ ¼ pressure exponent. In EPANET the pressure exponent γ is defined with the default value of 0.5, appropriate for modelling nozzles and sprinklers. Nevertheless, for modelling background leakage, a value of 0.5-2.5 is more suitable
In the present study, a mean value of 1.5 was chosen. This value was estimated by taking the pipe material -mainly PVC -into account and assuming most background leakage to be uniformly distributed along the supply area. For simplifying the leak modelling, the leakage was placed at a single node located at an average elevation in the district metered areas (DMA).
Experimentation and system development
The company KSB AG, in charge of the hydraulic competence in the EWID consortium, was responsible for dimensioning and providing pumps, valves and fittings for the testing installation located at the UniBwM. Two feed pumps with frequency converters and a great number of different valves were provided to mimic the actual situation within the selected WDN. The testing facilities were designed according to the boundary conditions of the network so that the hydraulic parameters, for instance, flow velocity and pressure, could be reproduced 1:1 as in the real cases (see Figure 3 ).
Due to its simplicity, robustness and cost-effectiveness, a standard reverse centrifugal pump was tested for the system.
The PAT is located in the bypass to the main pipeline (con- 
Optimised pressure control
As shown in Figure 1 , the approach of EWID is to implement advanced pressure management by replacing/ complementing a conventional PRV with a PAT-unit for recovering energy and, at the same time, providing intelligent pressure management within the WDN. One of the challenges here is to predict the optimal target outlet pressure for the pressure reducing device (PAT-unit), so that the measured pressure at one or more critical points does not exceed or fall below the limit value p crit, limit . The proposed pressure modulation is achieved using an algorithm that takes the head loss between the PRV-PAT-manhole and the critical points, as well as the water demand, into account. A similar procedure was presented by Fantozzi for a water utility in Etnia (Fantozzi et al. ) .
According to the Darcy Weißbach equation, the head loss h v varies with changing demand patterns (Q) by the square. Therefore, the outlet pressure of the PAT (p out, target ) must be continually adjusted using the following equations: For a first approximation, the head loss (Equation (4)) was calculated using the calibrated hydraulic model for determining a, b and c. At a later stage, during the field test, these parameters will be continuously adjusted using real-time measured data as input for the hydraulic model in EPANET.
RESULTS

Case study
In this paper, a part of the WDN of the water utility PER is presented (see Figure 5 ). The analysed supply area, with Table 1 presents a summary of the mean hydraulic data for the presented case study.
Water loss reduction due to advanced pressure management
To evaluate the impact of the proposed pressure management strategy at PRV 1 in terms of water loss reduction, the pressure at the critical point was simulated using EPANET for the advanced pressure management (critical point approach), and compared to the current situation (p out ¼ 4 bar) and to a further pressure reduction (fixed outlet, p out ¼ 2 bar). In this simulation, the optimal outlet pressure curve (p out_dyn ) for one day was calculated using the calibrated model so as to achieve a constant pressure of 8 bar at node 141 at every hour of the day (see Figure SF2 , available online). The target outlet pressure curve was implemented using the CONTROLS feature in EPANET.
The amount of water loss reduction, simulated for one day using the flow emitter feature in EPANET and summarized in Table 2 , shows that, assuming all real water losses (0.12 m 3 /(h*km)) were background leakages (pressure exponent of 1.5), switching from the fixed outlet to the critical point approach provides additional water savings of 16% (Parra & Krause ).
Potential analysis and experimentation results
For the first design of the PAT system (experimentation), the flow and the pressure data collected during the measuring campaign in June 2015 in the studied water network were taken into consideration. Nevertheless, analysis of the seasonal variations of flow rates and pressure is urgently recommended for achieving more accurate results. In Figure 7 , the operating range of the selected PAT for the presented case study is shown: The points represent the measured data recorded at tank 1 (flow) and at the PRV manhole in June 2015. The dashed lines represent the differential pressure range and the allowed volume flow that was selected for the turbine. The system (SV and consequently the PAT) is controlled by the PLC and was configured as follows:
• Q < 4.6 l/s: PRV is in full operation, SV is closed, PAT is not in operation.
• 4.6 l/s < Q < 8.3 l/s: if the flow exceeds 4.6 l/s, the SV opens and the PAT starts to operate. There is no flow through the main pipeline (PRV).
• Q > 8.3 l/s: the maximum design flow for the PAT is reached, so that both the PRV and the turbine are in operation (SV is fully open). The PAT runs at full capacity with 8.3 l/s.
The experiments on the testing installations served, on the one hand, for the monitoring of the actual energy yield and, on the other hand, for testing the interaction between the PRV and the PAT in combination with the proposed pressure management strategy (critical point approach).
Nevertheless, due to the limited space capacities in the installation, the analysed case study could not be fully reproduced. During the experimentation, the pressure loss between the PAT-unit and the critical point, due to friction, was represented locally with a slide valve in an almost closed position. The critical point measurement was placed directly after the slide valve. During the experimental series, the proposed intelligent pressure management was tested. Here, the pressure modulation was performed automatically by the PLC. The pressure value at the critical point and the flow (both monitored in real time) were both taken into account. The PLC was responsible for calculating the target rotation of the PAT in real time from a range between 2,000 and 4,200 rpm, so that the pressure at the critical point did not fall below a defined value. For this purpose, the head loss h v was previously calculated and Q out,target was set according to
Equations (4) and (5). During the testing phase, a pressure limit of 2.5 bar at the critical point was chosen.
In Figure 8 , the recorded parameters of flow, pressure and total energy yield for a representative experimental series of two hours are shown. In the graph, the negative energy yield indicates energy recovery. A day (24 hours) is simulated using the characteristic pattern in Figure 2 and reproduced in two hours, where five experimental minutes represent one hour in real time. In Figure 8 , the bottom axis represents the experimental time and the top axis represents the real (simulated) time at the analysed WDN. As shown in Figure 2 , the demand peaks take place at 8 am and 9 pm.
As shown in Figure 8 , the PAT was in operation for 17
hours from 7 am to 11 pm, when a flow of 4.6 l/s or higher was reached. Outside of this operation range, the pressure management was performed by the PRV. During the PAT operation, the pressure at the critical point was constantly maintained at 2.5 bar, while the PAT's outlet pressure varied dynamically according to the demand. Due to a relatively low variability in the demand profile, the outlet pressure shows quite a narrow range.
Furthermore, the actual net efficiency e net of the system was calculated for the presented experiment using the following equation:
with P For the presented experimental series, a maximum of 2.3 kW electrical energy was recovered and fed back into the grid when the turbine was operating under full load (Q PAT ¼ 9.7 l/s and p out ¼ 6.1 bar) with a maximum total net efficiency of approximately 40%. Furthermore, 26 kW electrical energy were recovered in total during the presented characteristic day, if the PAT is in operation for 17 hours. This would represent an energy yield of approximately 9,500 kW per year. As shown in Figure 9 , the total net efficiency varies from 25% to 40% depending on the flow and the pressure difference at the inlet and outlet of the system.
In general, for enhancing the performance of the system, the following factors might be taken into consideration:
• will be adjusted accordingly. Additionally, the flow range for the PAT will be adjusted taking the seasonal variations during a minimum of one year into consideration.
• The efficiency of the PAT might be optimized, for example, by optimizing the PAT's geometry, such as the impeller or the housing design.
• The reduction of the electrical losses of the system can be performed by selecting a high-performance frequency convertor. Furthermore, alternatives for the electric regulation of the PAT (rotational variability) for variable operating conditions should be considered. A possible option is hydraulic regulation, such as a series-parallel hydraulic circuit as proposed by Carravetta et al. () .
In this study, the hydraulic regulation was found to be more flexible, efficient and economical than the electrical system.
• The hydraulic energy losses in the installation (fittings, cross section changes, pipe bends, etc.) can be reduced to achieve better inflow conditions (uniform and, if possible, free of swirl areas).
• 
CONCLUSIONS
In the present study, the combination of a PRV with a reverse centrifugal pump (PAT) for intelligent pressure management was analysed in terms of performance, energy recovery and potential water loss reduction.
During the development of the PRV-PAT-unit, the proposed system was tested on an experimental installation, capable of simulating the hydraulic conditions of a real WDN at the same scale. During the experimentation, the system was able to successfully maintain constant pressure at the critical point of the system at variable discharges.
Here, up to 2.3 kW energy were recovered with a maximum total net system efficiency of 40%. The performance of the proposed PAT-PRV-system might be enhanced by 
